This study assessed the angle of acetabular anteversion (AA) in 66 children with developmental dysplasia of the hip (132 hips: 24 left, 25 right, 17 bilateral and 49 unaffected hips as controls). The AA was measured by two-and three-dimensional computed tomography (2D-CT and 3D-CT). Measurements were taken by three observers and repeated 2 weeks later by one of these observers. Intra-and interobserver agreement was analysed using the intra-class correlation coefficient. For all hips, the mean AA (±SD) measured by 2D-CT versus 3D-CT was statistically significantly different (15.76 ± 5.23 º versus 16.76 ± 4.43 º, respectively). The mean (±SD) AA by 3D-CT in unaffected and affected hips was also statistically significantly different (13.92 ± 3.95 º versus 18.44 ± 3.82 º, respectively). A significant positive correlation between age at presentation and AA was found in affected, but not unaffected, hips. The 3D-CT showed better intra-and inter-observer agreement than 2D-CT for assessing AA hence is a more reliable measurement of AA. An increased AA is one component of anatomical abnormalities in developmental dysplasia of the hip and the abnormality appears to worsen with age.
Introduction
Accurate assessment of acetabular anteversion is important in surgical decision-making for children with developmental dysplasia of the hip (DDH). Reasons for the association between increased acetabular anteversion and DDH remain unclear, however excessive anteversion of the acetabulum has been described as a primary anatomical abnormality. 1 Several investigators have reported that anteversion of the acetabulum is significantly increased on the side involved in DDH, 2 -6 whereas others have reported that increased anteversion of the acetabulum is not a universal finding in DDH. 7 -10 However, Li and Ganz 11 and Mast et al. 12 found that retroversion existed in patients with acetabular dysplasia. Much of this controversy has evolved from different methods of measuring acetabular anteversion.
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Decreased acetabular anteversion can cause hip pain and osteoarthrosis, 13 and increased acetabular anteversion is related to hip instability. 3 Consequently, it is important to choose a suitable method for assessing anteversion of the acetabulum for reasonable surgical planning and to avoid complications in the treatment of DDH. The majority of previous studies have used two-dimensional imaging (for example, plain film or twodimensional computed tomography [2D-CT]): 2,6,7,10,14 -16 It is widely considered that 2D-CT scanning is an accurate method for the quantitative assessment of acetabular anteversion in children with DDH, however, its reliability and accuracy are limited by anatomical and positional variables. For example, any rotation of the pelvis about the longitudinal axis or any inclination about the transverse axis can lead to inaccuracies and two-dimensional measurement methods cannot provide entirely precise information on the three-dimensional acetabulum. 17, 18 In such situations, three-dimensional computed tomography (3D-CT) is usually recommended.
The introduction and development of 3D-CT scanning technology has enabled more accurate evaluation of the acetabular structure in DDH compared with twodimensional technology. Many articles on acetabular morphological studies by 3D-CT have been published, 14,19 -22 however, the reliability of 3D-CT measurement has not yet been validated nor has it been compared with 2D-CT in evaluating acetabular anteversion.
The present study, therefore, sought to assess acetabular anteversion in children with DDH and to compare any difference between DDH sub-groups classified according to patient age and the Tönnis classification system. 23 The study also aimed to determine if 3D-CT was more reliable than 2D-CT for the assessment of acetabular anteversion.
Patients and methods

PATIENTS
This was a retrospective review of the medical records and CT images of children who were treated for DDH at Shengjing Hospital, Shenyang City, China, between 2001 and 2004. Since non-operative or operative treatment can alter the acetabular anatomy, patients with a history of prior treatment were excluded.
SCANNING PROCEDURES AND MEASUREMENTS
The 3D-CT scans were performed using a Mx8000 CT scanner (Marconi Medical Systems, Cleveland, OH, USA). The scanning technique used was 120 kV, 70 -120 mA (depending on the patient's size), with a 2-s scan time. Contiguous slices (3 mm) were obtained from the anterior superior iliac spine to the level of the lesser trochanter, with the patients placed in a supine position with hips extended and thighs horizontal and parallel. The images were retrospectively reconstructed at a CT workstation (Extended Brilliance Workstation, EBW) to produce the 3D images. Once the data were acquired, the images could be observed from any angle.
The two-dimensional acetabular anteversion angle (2D-AA) was measured in the axial plane at the level of the centre of the hip joint as the angle formed by a reference line perpendicular to a line connecting the posterior ischia and a line connecting the posterior and anterior margins of the acetabulum (Fig. 1 ). The three-dimensional acetabular anteversion angle (3D-AA) was assessed on the inferior view of 3D-CT reconstruction of the pelvis, which was the angle formed by a line connecting the anterior and posterior margins of the acetabulum and the sagittal line ( Fig. 2 ). Acetabular anteversion in developmental dysplasia of the hip Plain anteroposterior pelvic radiographs were used to evaluate the type and severity of subluxation and dislocation according to classification system of Tönnis. 23 For evaluation of inter-observer variation, all measurements were taken by three experts, including two paediatric orthopaedic surgeons (observers A and B) and one radiologist (observer C). To determine intra-observer variation, the measurement was repeated 2 weeks later by one of the paediatric orthopaedic surgeons (observer A).
STATISTICAL ANALYSES
Statistical analysis was performed using SPSS ® version 11.5 (SPSS Inc., Chicago, IL, USA)
for Windows ® . Intra-observer agreements between the two sets of measurements of observer A and interobserver agreements between the three sets of measurements of observers A, B and C were analysed using Pearson correlation coefficient and the intra-class correlation coefficient (ICC). An ICC > 0.75 was regarded as excellent, ICC 0.40 -0.75 was fair to good, and ICC < 0.40 was poor. The paired sample t-test was used to compare the difference between 2D-AA and 3D-AA for the total hips. The independent Student t-test was used to assess the differences in the acetabular anteversion angles (AAs) measured by CT between the affected hips and the normal sides of unilateral DDH. The mean AAs on uninvolved hips were also compared with corresponding normal values that had been reported previously in normal children. 6, 24 Pearson correlation analysis was used to analyse the correlation between the AAs and patient's age at presentation. Oneway analysis of variance was used to evaluate the mean angles and multiple comparisons of the AAs between the Tönnis classifications 23 and between each age period. A P-value of < 0.05 was considered statistically significant.
Results
PATIENTS
The medical records and CT images of 72 children treated for DDH between 2001 and 2004 were retrospectively reviewed. A total of six of these children had a history of prior treatment and were excluded hence 66 children with typical DDH were included in the analyses. They comprised 53 females and 13 males of mean age 35.4 months (range 4 -132 months) and provided 132 hips for study. The left hip was involved in 24 cases, the right in 25 cases, and 17 cases were bilateral. This meant that 49 hips from the patients with unilateral DDH were normal and they constituted the control group.
According to the Tönnis classification system, 23 24 hips were classified as grade II, 43 hips as grade III and 16 hips as grade IV. No significant differences were found in the 2D-AAs and the 3D-AAs among Tönnis classifications (data not shown).
COMPUTED TOMOGRAPHY OUTCOMES
For the 132 hips included in the analysis, the overall mean ± SD for 2D-AA was 15.76 ± 5.23º and for 3D-AA it was 16.76 ± 4.43 º, the difference being statistically significant (P < 0.01). The mean ± SD and range for the 2D-AA and 3D-AA measurements in the 49 unaffected hips and 83 affected hips are showed in Table 1 . Acetabular anteversion was increased in the affected hips compared with the unaffected hips in each case. No retroverted acetabulum was found. The 3D-AA in the 49 unaffected hips did not differ significantly from the normal value of 13.0 ± 4.0 º reported previously by Jacquemier et al. 24 or the 13.4 ± 2.8º normal value previously reported by Sarbana et al. 6 Acetabular anteversion in developmental dysplasia of the hip In the affected hips, significant positive correlations were found between age at presentation and both 2D-AA (P = 0.004) and 3D-AA (P = 0.000) but this was not found in unaffected hips ( Table 2 ). Statistical analysis revealed significant differences between each age group for both 2D-AA (P = 0.001) and 3D-AA in affected hips (P = 0.000) ( Table 3) , whereas there was no significant difference for unaffected hips (data not shown).
The 3D-CT-based measurement of acetabular anteversion revealed excellent intra-observer agreement (ICC = 0.9798) and inter-observer agreement (ICC > 0.75) across the three observers, however, both the intra- 
3: Comparison of two-dimensional acetabular anteversion angle (2D-AA) and threedimensional acetabular anteversion angle (3D-AA) according to age in hips affected by developmental dysplasia
2D-AA 3D-AA
r-value P-value r-value P-value
Age: unaffected hips 0.183 NS 0.220 NS Age: affected hips 0.313 0.004 0.730 0.000 NS, not statistically significant (P > 0.05).
TABLE 2: Pearson correlation analysis (r) between age at presentation and two-dimensional acetabular anteversion angle (2D-AA) and three-dimensional acetabular anteversion angle
(3D-AA) in hips unaffected by developmental dysplasia and those that were affected Acetabular anteversion in developmental dysplasia of the hip observer agreement (ICC = 0.6884) and inter-observer agreement (ICC 0.51 -0.75) were fair to good in the 2D-CT-based measurement of AA (Table 4 ).
Discussion
In children, the osseous acetabulum is composed of three secondary centres of ossification appearing in the hyaline cartilage surrounding the acetabular cavity: (i) epiphysis of the ilium, which has been called acetabular epiphysis, forms a large part of the superior wall of the acetabulum;
(ii) epiphysis of the pubis forms the anterior wall of the acetabulum; and (iii) the relatively small epiphysis of the ischium forms the posterior wall of the acetabulum. The anterior and posterior walls of the acetabulum determine anteversion of the acetabulum in the transverse plane. Normal development of the acetabulum depends on the presence of the spherical femoral head and maintains a delicate balance between the growth of these epiphysises of the acetabulum. When a hip dislocates, acetabulum defects may result because this balance has been destroyed and any defects in the anterior or posterior wall of the acetabulum may lead to a change in acetabular anteversion. 25, 26 The most important technique for diagnosing anatomic deformity in DDH is CT scanning. Several 2D-CT studies of DDH in children have implicated excessive anteversion of the acetabulum as one component of the anatomical abnormality, 2,3,5 while others have failed to confirm that acetabular anteversion is consistently increased in DDH. 7 -10 The variation in findings using two-dimensional imaging to evaluate the three-dimensional acetabular anteversion in DDH is likely explained by different levels of measurement within the acetabulum and the fact that a 2D-CT slice may miss the area of deficiency in the acetabulum.
The development of 3D-CT makes it possible to assess the three-dimensional anatomy of the acetabulum both qualitatively and quantitatively. Compared with 2D-CT, 3D-CT provides more exact assessment of acetabular anteversion because, theoretically, it overcomes the shortcomings of two-dimensional images. To our knowledge, however, a comparison of the reliability of 2D-CT and 3D-CT in measuring acetabular anteversion has not been described. The present study showed that, while statistically significantly different, there was only about 1 º of difference in the overall mean values for 2D-CT and 3D-CT, which is not clinically significant. However, the 3D- 
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CT-based method showed better intra-and inter-observer agreement than the 2D-CTbased measurement, which suggests that the 3D-CT-based method may be more reliable.
The mean 3D-AA measured in the 49 unaffected hips in this study was similar to those previously reported, 6, 24 hence was a valid control.
Weiner et al. 27 reported the CT results from 170 normal hips in children ranging in age from 6 months to 17 years and found that acetabular anteversion remained relatively constant and there was no retroversion of the acetabulum. Acetabular anteversion for unaffected hips in our patients was not correlated with age, which is consistent with Weiner et al.'s observation. 27 The mean ± SD acetabular anteversion in affected hips was 18.44 ± 3.82 º measured by 3D-CT and 18.39 ± 3.98 º by 2D-CT, both of which were significantly increased compared with unaffected hips. These results are in agreement with several prior studies. 2, 6, 28 The positive correlation between age and acetabular anteversion measured by 3D-CT in affected hips was unexpected, however, and has not previously been reported in the literature.
Currently, the underlying cause of the excessive increase in acetabular anteversion in DDH is unclear. Edelson et al. 7 presumed that the defect in the anterior acetabulum wall resulted from pressure from the anteriorly displaced femoral head that induced the increased acetabular anteversion. We do not completely agree with this viewpoint because excessive acetabular anteversion was a universal finding in the affected hips in the current study, even in the Tönnis type IV hip in which the anterior acetabulum wall was not in contact with the displaced femoral head. In our opinion, in dislocated hips both the anterior and posterior walls are underdeveloped due to the absence of the growth-stimulating femoral head and, therefore, do not extend laterally very far. The underdevelopment may be more serious in the anterior wall, causing the acetabulum to be shallow and anteverted. Moreover, the longer the dislocation lasts, the more inadequately the anterior wall develops, resulting in increased acetabular anteversion with age, as seen in the present study. A secondary reason, as suggested by Lafferty et al., 29 for the poor development of the anterior wall may also be pressure erosion from the iliopsoas tendon.
For the underdeveloped hip, anterior insufficiency and relative anteversion of the acetabulum should be taken into consideration in planning reorientation procedures. Many authors have discussed the optimal position of acetabular fragments in order to minimize complications at the time of corrective osteotomy procedures. 30 -33 Tönnis et al. 34 emphasized the importance of maintaining a normal amount of acetabular anteversion during triple innominate osteotomy and recommended placing a vertical guiding K-wire in the acetabular fragment to monitor transverse plane rotation intra-operatively. They noted that decreased acetabular anteversion may decrease internal rotation of the limb and lead to premature osteoarthrosis. Giori and Trousdale 35 also reported the association of decreased acetabular anteversion or retroversion with primary hip arthritis. Frick et al. 33 suggested that surgical planning for triple innominate osteotomy should be designed to avoid excessive external rotation of the acetabular fragment for minimizing the risk of non-union. It is, therefore, necessary to understand the threedimensional acetabular anteversion in detail before surgery in order to prevent surgical and post-surgical problems. In summary, the present study has indicated that increased acetabular anteversion is one component of anatomical abnormalities in DDH and that abnormal anteversion of the acetabulum appears to increase with age. The 3D-CT technique was also shown as more reliable than the 2D-CT method for assessing acetabular anteversion. Wide variations in the degree of acetabular anteversion occur between individuals, so each patient should be individually analysed by 3D-CT when a corrective osteotomy procedure is being planned on a dysplastic hip.
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